Semi-empirical adiabatic potential energy curves of highly excited states of the KRb molecule are calculated as a function of the internuclear distance R over a wide range from 3 to 150 0 . The diatomic molecule is treated as an effective two-electron system by using the large core pseudopotentials and core polarization potentials. All calculations are performed by using the nonrelativistic CASSCF/MRCI method with accurate basis set functions. The spectroscopic constants of the calculated electronic states agree well with experimental data, including the recent ones from Lee et al., and with available theoretical results. 31.15.Ar, 31.15.Ne, 31.25.Nj, 32.80.Pj, 33.80.Ps, 34.20.Cf
Introduction
Polar alkali molecules, and in particular KRb, have recently been the object of intensive experimental [1] [2] [3] [4] [5] [6] [7] [8] [9] [10] [11] [12] and theoretical [13] [14] [15] [16] studies. For instance, the KRb molecule often serves as an example of a reactive species in order to explain the collision rates of trapped and ultracold polar molecules (e.g. [17] [18] [19] ), as well as spectra observation under cold conditions (e.g. [20] ). Recently, Stwalley et al. [21] analyzed pathways for direct photoassociative formation of ultracold heteronuclear alkali metal dimers including KRb. Moreover, the very recent experimental investigations of Lee et al. [11, 12] provide a valuable opportunity to test the accuracy of our computational methods applied to highly excited states.
Highly lying theoretical energy curves correlated up to the limit K(3d) + Rb(5s) were given by Yiannopoulou et al. [13] . They performed extensive configuration interaction (CI) calculations using, amongst other tools, the MOLCAS program [22] . Two types of calculations were made: the first with a small relativistic core and the second including all electrons. Rousseau et al. [14] used the package CIPSI [23, 24] (Configuration Interaction by Perturbation of a multiconfiguration wave function Selected Iteratively) to preform CI calculations up to the K(4s) + Rb(4d) asymptotic limit. Here, both atoms were treated as effective one-electron systems. Park et al. [15] used the MOPLRO 1999 program package 1 employing the small core pseudopotentials with appropriate core polarization potentials (CPP) and went to the very high asymptotic limit of K(5s) + Rb(5d). This paper presents results of semi-empirical nonrelativistic calculations on highly excited states of the KRb molecule. Our present calculations are based on the complete active space self-consistent-field/multi-reference configuration interaction (CASSCF/MRCI) scheme. In contrast to the Park's et al. [15] approach we have decided to use large core pseudopotentials, which has led us to an effective two electron calculation. Additionally, a different set of basis functions is employed in our calculation. The basis set for K consists of the ECP18SDF pseudopotential base augmented by twenty-eight and five functions, with and functions described by the ECP10MDF pseudopotential augmented by six and five functions. The second basis set for Rb consists of the ECP36SDF pseudopotential basis set augmented by twelve and five functions, the and functions are taken from the ECP28MDF pseudopotential basis sets augmented by six and two functions. The present calculation also uses the electron core polarization potential, which enables us to provide high accuracy of highly-lying adiabatic potential curves. The accuracy of the obtained adiabatic curves are estimated by comparison with the only available, recent experimental data of Lee et al. [11] and with the theoretical results coming from extensive ab initio calculations of Yiannopoulou et al. [13] , Rousseau et al. [14] and Park et al. [15] . This description of the KRb system aims to help design some details of possible photodissociation and photoassociation experiments. Section 2 briefly describes the computational method, then Section 3 presents the results and discusses their comparison with available experimental data and theoretical results. Finally, in the last section, summary and conclusions are provided.
Computational method
A detailed description of the computational method is given in our earlier papers [25, 26] and is based on the description given by Czuchaj et al. [27] . Therefore this section only summarizes the main aspects of the theory. We consider the interaction between two alkali atoms. Let R be the separation between the nuclei of these atoms. We seek for the solutions of the Schrödinger equation within the Born-Oppenheimer approximation. In the present approach only the valence electrons are treated explicitly, but the atomic cores are represented bydependent pseudopotentials. The total Hamiltonian of the considered system can be written as
where T stands for the kinetic energy operator of the valence electrons and V represents the interaction operator. The latter is put into the form
where the index λ goes over the atomic cores of atoms A and B. Here, A corresponds to potassium and B to rubidium. V λ describes the Coulomb and exchange interaction as well as the Pauli repulsion between the valence electrons and the core λ and is defined as
where Q λ denotes the net charge of the core λ, P λ is the projection operator onto the Hilbert subspace of angular symmetry with respect to core λ and N is the number of the valence electrons. The parameters B λ and β λ define the semi-local energy-consistent pseudopotentials. The second interaction term in Eq. (2) is the polarization term which describes, amongst others, core-valence correlation effects [20] and, in the case of atom A, is taken as
where α A = 5 354 3 0 [28] is the dipole polarizability of the A + core and F A is the electric field generated at its site by the valence electrons and the other core. In the case of the second atom B, α B = 8 67 3 0 [29] . The electric field can be written as
where for K δ A = 0 29 [29] . The third term in Eq. (2) represents the Coulomb repulsion between the valence electrons, whereas the last term describes the core-core interaction. Since the alkali atomic cores are well separated, a simple point-charge Coulomb interaction was chosen in the latter case.
All calculations reported in this paper were performed by means of the MOLPRO program package 2 . The core electrons of K atoms were represented by the pseudopotential ECP18SDF [28] . Here, the numbers in parenthesis are coefficients of the exponents of the primitive gaussian orbitals. In the case of and orbitals, instead of using the remaining part of the basis set which formed this pseudopotential we used the equivalent part of the another one, much richer basis set which comes with ECP10MDF pseudopotential [29] . Moreover, it was augmented by six functions finally two functions (8.194323 , 0.061857). All basis functions were checked in order to ensure linear independence. The quality of our basis set was checked by performing CI calculations for the ground and several excited states of the isolated potassium and rubidium atoms. Additionally, we slightly adjusted the cutoff parameters δ A and δ B in the effective core-polarization potentials to better reproduce experimental atomic energies. The change of the cutoff parameters does not exceed 7%. The calculated KRb adiabatic potentials correlate to the K(4 ) + Rb(4 ), K(4 ) + Rb(6 ) and K(5 ) + Rb(5 ) excited atomic asymptotes. The comparison of experimental [1] and theoretical [14, 16] asymptotic energies for different states is shown in Tab. 1. We note very good agreement between our atomic energies and the experimental ones given by Moore [1] . The potential energy curves for KRb are calculated using the complete-active-space self-consistent-field (CASSCF) method to generate the orbitals for the subsequent CI calculations. The corresponding active space in the C 2 point group involved the molecular counterparts of the 4 , 4 , 5 , 3 and 5 valence orbitals of the K atom and 5 , 5 , 4 , 6 , 6 and 5 valence orbitals of the Rb atom.
Results and discussion
Calculations of the adiabatic energy curves were performed for the internuclear separation R in the range from 3 0 up to 150 0 . Numerical values of the calculated potential energies are shown in Tab. 2. Our results are also plotted in Fig. 1 and 2 in the range up to 40 0 and compared with the potential curves of Rousseau et al. [14] . All of our potential curves generally lie below the Rousseau ones and this is particularly clear in the vicinity of the potential wells (see Fig. 1 ). In addition, there is good agreement in shapes, which is also noticeable in the cases of the unusual shapes displayed by the 4 1 Σ + , 5 1 Σ + and 3 3 Π states ( Fig. 1 and 2 ). It is visible that the 4 1 Σ + and 5 1 Σ + curves avoid crossing each other at the internuclear distances R at around 8 and 13 0 leading to irregularities in vibronic spectra [11] . Also, the well pronounced avoided crossing between 5 1 Σ + and 6 1 Σ + takes place at around 21 0 , where our 5 1 Σ + potential curve displays a small maximum. Equilibrium positions R , depths of the potential wells D and electronic energy terms T were obtained using cubic spline approximation to the calculated potentials around their equilibrium positions. The spectroscopic parameter ω was calculated by solving the Schrödinger equation with the calculated adiabatic potentials. The values of the molecular constants are shown in Tab. 3. Generally, a consistent agreement can be seen between our results and the recent theoretical ones of Rousseau et al. [14] and Park et al. [15] . More interestingly is the comparison with existing experimental data. Indeed, for the 5 1 Σ + state and the case of T constant the best agreement with the recent experiment of Lee et al. [11] is shown by Rousseau et al. [14] . Our result with ∆T = 41 cm −1 lies in reasonable vicinity, while the result of Yiannopulou at al. [13] gives a larger discrepancy (∆T = 56 cm
−1
). It is also possible to compare with the data of Lee at al. [11] for the 1 3 ∆ state, where in the case of T the results of Yiannopoulou et al. [13] and Rousseau et al. [14] lie within the range of 88 cm Using our calculations of potential energy curves we give an example (see Fig. 3 ) of a possible pathway for photoassociative formation of KRb in excited rovibrational levels of its ground electronic state X 1 Σ + . We propose one photon or two photon excitation of total energy 19354 cm −1 just at the K(4s) + Rb(4d) atomic asymptote. Although, direct pumping due to forbidden atomic electric dipole transition is expected to be very weak, still the formation of the ground electronic state in some rovibrational levels can be achieved by a spontaneous emission because the molecular electric dipole transition is allowed. Figure 3 . Calculated potential energy curves of the ground and highly excited singlet states. The vertical arrows indicate photoassociation and radiative decay, while the horizontal dotted line corresponds to the K(4s) + Rb(4d) atomic asymptote.
Conclusion
We have calculated the adiabatic potential energy curves for excited states of the KRb molecule using CASSCF/MRCI method. Comparisons with available theoretical results and rather scarce experimental data give a valuable estimation of the reliability of the theoretical approach. Our nonrelativistic approach uses the large atomic pseudopotentials and carefully chosen extensive basis of atomic functions. Effectively, we perform only two-electron calculations. This method gives overall reliable results for excited states, which are in good agreement with other recent theoretical results. Overall spectroscopic constants derived from our potential curves also display good agreement with the experimental data of Lee et al. [11, 32] . The obtained potential curves and molecular wave functions will help describe photodissociation and photoassociation processes, laying the foundations for future work.
